The Epstein-Barr virus efficiently infects human B cells. The EBV genome is maintained extrachromosomally and replicates synchronously with the host's chromosomes. The latent origin of replication (oriP) guarantees plasmid stability by mediating two basic functions: replication and segregation of the viral genome. While the segregation process of EBV genomes is well understood, little is known about its chromatin association and nuclear distribution during interphase. Here, we analyzed the nuclear localization of EBV genomes and the role of functional oriP domains FR and DS for basic functions such as the transformation of primary cells, their role in targeting EBV genomes to distinct nuclear regions, and their association with epigenetic domains. Fluorescence in situ hybridization visualized the localization of extrachromosomal EBV genomes in the regions adjacent to chromatin-dense territories called the perichromatin. Further, immunofluorescence experiments demonstrated a preference of the viral genome for histone 3 lysine 4-trimethylated (H3K4me3) and histone 3 lysine 9-acetylated (H3K9ac) nuclear regions. To determine the role of FR and DS for establishment and subnuclear localization of EBV genomes, we transformed primary human B lymphocytes with recombinant mini-EBV genomes containing different oriP mutants. The loss of DS results in a slightly increased association in H3K27me3 domains. This study demonstrates that EBV genomes or oriP-based extrachromosomal vector systems are integrated into the higher order nuclear organization. We found that viral genomes are not randomly distributed in the nucleus. FR but not DS is crucial for the localization of EBV in perichromatic regions that are enriched for H3K4me3 and H3K9ac, which are hallmarks of transcriptionally active regions.
To maintain genetic stability, proliferating cells must pass on their genomes as exact copies to their daughter cells. Viruses that establish latent infections have developed various strategies to ensure genetic stability as they integrate their genomes into the host's chromosomes or infect nonproliferating cells. Only a limited number of viruses with extrachromosomally maintained genomes establish a latent infection in proliferating cells. The gammaherpesvirus Epstein-Barr virus (EBV) is a 170-kbp circular double-stranded DNA molecule that resides as a nucleosome-packaged episome in latently infected B cells. The cis-acting origin of plasmid replication (oriP) is essential for DNA replication, nuclear retention, and viral gene regulation (30, 56) . These functions are dependent on the EBVencoded nuclear antigen EBNA1 (33, 58) . EBNA1 has a modular structure: its C-terminal DNA binding and dimerization domain recognizes consensus motifs located within oriP. A mutational analysis of the N terminus led to the identification of two regions (amino acids [aa] 40 to 89 and aa 329 to 379) capable of linking DNA elements, which have therefore been termed linking regions (37) . Later studies demonstrated that these domains tether EBV genomes to metaphase chromosomes (23, 24, 36, 47, 54, 55) . oriP-bearing plasmids are distributed by a piggyback mechanism and not by a centromeric system, but these plasmids are symmetrically partitioned to sister chromatids with a confidence of 88% (23, 38) . Furthermore, the linking regions also support DNA replication by recruiting the origin recognition complex (ORC) in an RNAdependent manner (5, 14, 35, 41, 44, 45) .
oriP is 1.8 kbp in size and is a paradigm for a mammalian autonomously replicating system (52, 56) . The dual function of oriP also reflects its bipartite structure. The dyad symmetry element (DS) is the viral replicator and mediates the replication functions discussed above. The family of repeats (FR) consists of an array of 20 imperfect 30-bp repeats, each containing one EBNA1 binding site. In conjunction with EBNA1, FR tethers the EBV genomes to the host's chromosomes to ensure the stable maintenance of oriP plasmids, which segregate with a plasmid loss rate of 3 to 5% per generation (27, 32) . The precise architecture of DS is important for its replication function. However, the interplay between FR and DS of oriP has not been fully elucidated yet. The sequences between DS and FR can be either deleted or, to a certain degree, extended without affecting replication competence, although the copy number of the oriP plasmids is reduced (43) . The spatial limits of DS and FR have not been addressed in the context of the virus, but plasmids bearing DS and lacking FR replicate in an EBNA1-dependent manner. They are not stably maintained regardless of their ability to replicate, indicating that the integrity of oriP is important for certain functions of EBV (20, 21, 48, 57) .
Several studies have analyzed the symmetrical segregation mechanism of EBV genomes and oriP plasmids using various in vitro and in vivo techniques (12, 23, 38, 47) . While the contribution of EBNA1 to the segregation process is reason-ably well understood (24, 29, 34, 47) , very little is known about the nuclear localization of EBV genomes and EBNA1 with respect to the higher nuclear structure. In the last years it became increasingly clear that the nucleus is a complex network of distinct domains (49) , creating interacting functional territories (7, 8) . A preferred nuclear localization environment has not been determined for extrachromosomal viruses like EBV, and it is not clear whether or not such localization correlates with an epigenetic pattern at or near oriP. Using a combination of immunofluorescence techniques, fluorescence in situ hybridization (FISH), and confocal microscopy, we demonstrate that EBV genomes localize in perichromatic regions of the host cell's nucleus. The interphase nucleus is not a uniform landscape of chromatin but a complex network of chromosome regions (8) , protein clusters (49) , and interchromatin compartments. The interchromatin domains serve as traveling channels, giving the nucleus structure and function (1) . The border between the higher-order chromatin and interchromatin compartments is the structurally defined perichromatin (see Fig. S1 in the supplemental material). The perichromatin is characterized by its open chromatin structure and its functional importance, because it is highly accessible for the replication and transcription machineries as well as for chromatin-modifying proteins (9) .
Our experiments indicate that EBV genomes reside preferentially in histone 3 lysine 4-trimethylated (H3K4me3) as well as H3K9-acetylated (H3K9ac) domains. These histone modifications are linked to activation of transcription. A partial overlap with H3 trimethylated at lysine 27 (H3K27me3)-enriched foci was detected, which is found in repressed euchromatic genes and pericentric heterochromatin. No association with the heterochromatic H3K9me3 modification was observed. This pattern was also detected at oriP using chromatin immunoprecipitation (ChIP) experiments. EBV genomes and EBNA1 colocalize, but EBV genomes do not overlap with transcriptional centers, replication foci, or any other functional compartments of the nucleus. Using the mini-EBV genomes containing 41% of the EBV genome, we questioned how translocation and deletion of FR and DS affect transformation of primary human B cells, copy number, nuclear localization, and the epigenetic environment of the mini-EBV genomes. The mini-EBV system encompasses 71 kbp of noncontiguous EBV DNA sequences cloned into a prokaryotic F-factor plasmid and allows the generation of mutants of essential components in Escherichia coli (25) . In this system, FR and DS can be analyzed in the context of DNA sequences that naturally flank oriP or are at a different position of the EBV genome. These experiments indicate that FR is essential for the nuclear localization of EBV and that DS has only a minor impact on the epigenetic environment.
MATERIALS AND METHODS

Generation of mini-EBV mutants.
To generate the various oriP mini-EBV strains, the recombination plasmid p2891 was generated by conventional cloning technology. p2891 contains nucleotides 5,357 to 12,290 of the B95.8 genome, including oriP and the auxiliary element Rep* (nucleotides 7,315 to 9,673). oriP was flanked by loxP sites inserted at positions 7,309 and 9,674. A frt-flanked selectable marker encoding resistance against kanamycin was positioned next to the loxP at the coordinate 7,309. p2891 was used to generate the mini-EBV p2908 by insertional mutagenesis in E. coli DH10B as described in detail (13, 15, 39) . The recombination plasmids for the ⌬FR and ⌬DS deletion mutants, p2892 and p2893, contain the same flanking regions as p2891. FR was deleted using EcoRI (position 7,316) and MluI (position 8,314), and DS was removed using HpaI (position 8,994) and EcoRV (position 9,314). The basic recombination plasmid p2088 used to integrate FR and DS at an ectopic site contains nucleotides 86,110 to 93,008 of the B95.8 strain. p2088 contains a frt-flanked kanamycin-encoding resistance cassette used for selection, which was cloned between NheI (90,101) and HindIII (90,792) sites. Both oriP elements were cloned into the BstEII site at nucleotide 89,146. The FR fragment encompasses the EcoRI/MluI sequences between 7,316 and 8,314, generating p2900. The 114-bp DS element was PCR amplified and cloned into the BstEII site (89,146), generating p2735.
For homologous recombination in E. coli, p2891, p2892, and p2893 were cleaved with BsrG1 and MunI (nucleotide coordinates 5,564 and 11,268 of the B95.8 genome, respectively) to provide the EBV flanking regions for targeted insertional mutagenesis in DH10B as described previously (19) . DH10B, containing p2800 (wild-type oriP, lacking the neomycin gene of p1478.A), was transformed with p2650, which is encoded by the recA gene and carries a ts origin. This strain was grown at 30°C and prepared for the transformation with the linearized recombination plasmids carrying the different oriP mutations (loxP-flanked oriP, ⌬FR, and ⌬DS, respectively). After electroporation, the strains were grown on LB plates containing chloramphenicol and kanamycin for 4 to 6 h at 30°C and then overnight at 42°C. Individual colonies were purified at least twice on double-selection plates. DNAs from single colonies were analyzed with restriction enzymes. One clone of each mutant was selected, and large-scale plasmid DNA was prepared. To delete the kanamycin resistance gene, the mini-EBV mutants were transformed into DH5␣ containing a plasmid encoding the flp recombinase. Candidates were confirmed with restriction enzyme analysis and termed p2908 (wild-type oriP), p2909 (⌬FR), and p2910 (⌬DS). To generate the oriP deletion mutant p2906, p2908 was transformed into a DH5␣ strain containing the cre recombinase (6) . Mini-EBV p2912eFR was generated by transfecting linearized p2900 (digested with XbaI [position 86,110] and SalI [position 93,008]) into DH10B carrying p2909⌬FR and p2650 as described above. Similarly, p2913eDS was generated using p2910⌬DS and the recombination plasmid p2735 also linearized with XbaI and SalI.
Cell culture. A39 is a lymphoblastic B-cell line generated from human primary B lymphocytes with EBV virions containing the mini-EBV 1478.A (25) . All lymphoblastic cell lines (LCLs) generated in this study were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (Biochrom). Raji cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (Biochrom). HEK293-EBV ϩ cells were established by transfecting the human embryonic kidney HEK293 cell line with a recombinant full-length circular EBV genome. HEK293-EBV ϩ cells were selected and maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (Biochrom) and 80 g/ml hygromycin (PAA Laboratories).
Mounting cells on coverslips prior to immunofluorescence staining. Coverslips (diameter, 18 mm) were covered with poly-L-lysine solution (0,1%, SigmaAldrich), rinsed with water, and air dried under the lamina flow. Soluble cells (Raji; LCLs) were transferred to a 15-ml tube and centrifuged for 10 min at 1,250 rpm. Cells were resuspended in the appropriate medium to a concentration of 1 ϫ 10 6 cells/ml. Coverslips were rinsed with phosphate-buffered saline (PBS) (Biochrom), and 300 l of cell suspension was spread on a coverslip and incubated at 37°C for 15 min. Adherent HEK293 cells and its derivates were directly seeded onto glass coverslips and cultivated overnight.
Hypertonic treatment. For the analysis of nuclei with condensed chromatin, cells were incubated for 2 min at 37°C in the appropriate medium supplemented with 10% 20ϫ PBS (final osmolarity: 570 mOsm) (1). These cells were fixed directly after the hypertonic treatment.
Preparation of fixed cells for FISH. For FISH analysis, cells were fixed with 2% paraformaldehyde (Merck) for 10 min and permeabilized with 0.05% Triton X-100 (Sigma-Aldrich) in PBS three times for 5 min, followed by one PBS-0.5% Triton X-100 wash and three 5-min incubations in 0.05% Triton X-100-PBS at room temperature. DNA was nicked by incubating the cells with 0.1 M HCl for 6 min at room temperature. Cells were subsequently treated with 200 g/ml RNase A, equilibrated with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and stored in 50% formamide-2ϫ SSC for 24 h.
Immunofluorescence staining prior to iFISH. Cells for immuno-FISH (iFISH) were fixed with 2% paraformaldehyde (Merck) for 10 min and permeabilized three times for 5 min in 0.15% Triton X-100 (Sigma-Aldrich). Cells were blocked three times for 10 min with blocking solution (1% bovine serum albumin [BSA], 0.15% lysine) and subsequently incubated with the primary antibody in fetal calf serum overnight at 4°C. Cells were then washed twice with 0.15% Triton X-100-PBS, once for 5 min and once for 10 min, followed by an additional blocking step for 7 min. The secondary antibody was diluted 1:200 in blocking solution and applied for 45 min at room temperature. The cells were washed with 0.15% Triton X-100-PBS twice for 5 min at room temperature. To prepare the hybridization step, the coverslips were postfixed with 1% paraformaldehyde and washed twice with PBS supplemented with 20 mM glycine. After equilibration in 2ϫ SSC, cells were stored in 50% formamide-2ϫ SSC for 24 h.
Generation of EBV DNA probes. DNA probes for in situ hybridizations were obtained by labeling of cMABA-SalA-cosmids with the hapten digoxigenin dUTPs using nick translation (42) . The probes were precipitated with ethanol and resuspended in deionized formamide. 
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FISH/iFISH. Coverslips were hybridized using 200 ng of labeled EBV probes for 2 min at 75°C. After hybridization, the probes were transferred to 37°C for 3 days. Unbound probes were removed by incubating the coverslips three times for 5 min in 2ϫ SSC at 37°C followed by three washing steps for 5 min with 0.1ϫ SSC at 60°C. The coverslips were blocked for 45 min with blocking solution (4% BSA in 4ϫ SSC-0.2% Tween 20) at room temperature. The probes were detected with goat anti-digoxigenin-Cy3 antibody (dilution, 1:200 in blocking solution). After incubation for 1 h at room temperature, cells were washed with 4ϫ SSC-0.2% Tween 20 and counterstained with DAPI (4Ј,6-diamidino-2-phenylindole). The completely stained coverslips were mounted on glass slides with Vectashield (Vector Laboratories) and sealed with nail varnish.
Microscopy/image analysis. Images were acquired with a Leica TCS SP2 confocal laser scanning microscope fitted with a 63ϫ 1.4 HCX Plan Apo blue objective. Image-series for three-dimensional (3D) reconstruction were taken at 0.25-m intervals. The acquired digital images were deconvoluted, rendered, and evaluated with Huygens Essential Suite 3.2 (Scientific Volume Imaging). Colocalization events were analyzed with signal intensity scans (line scans) and LiЈs approach calculation (2) .
Antibodies. Primary antibodies used were as follows: EBNA1, rat monoclonal antibody (MAb) clone 1H4 (18); BrdU, mouse MAb (catalog no. 11170376001, Roche); SC35, mouse MAb (catalog no. S4045, Sigma); LaminB1, rabbit polyclonal antibody (pAb) (catalog no. ab16048, Abcam); H3K4me3, rabbit pAb (catalog no. ab8580, Abcam); H3K9me3, rabbit pAb (catalog no. ab8898, Abcam); H3K27me3, rabbit pAb (catalog no. 17-622, Upstate); H3K9ac, rabbit pAb (catalog no. ab10812, Abcam); Snf2h, rabbit pAb (catalog no. ab3749, Abcam); and HP1␣, rabbit pAb (catalog no. ab9057, Abcam). Secondary antibodies were as follows: digoxigenin Cy3, mouse MAb (catalog no. 200-162-156, Dianova); anti-mouse Alexa488 (catalog no. A11029, Invitrogen); and anti-rabbit Alexa488 (catalog no. A1103, Invitrogen).
RESULTS
EBV genomes are located in perichromatic regions. EBV is maintained as a nucleosome-coated extrachromosomal genome in the host cell nucleus (16, 53) . During mitosis it is tethered to the host cell chromatin by its viral transactivator EBNA1 (47) . The preferred interphase localization of EBV genomes with respect to nuclear subdomains is unknown. The interphase nucleus is not a uniform landscape of chromatin but a complex network of chromosome-dense regions (8) , protein clusters (49) , and interchromatin compartments. By hypertonic treatment of cells, the chromatin rapidly condenses, revealing the interchromatin compartment in a reversible manner (1) . Cells fixed during hypertonic treatment can be subsequently analyzed regarding the chromatic, perichromatic, or interchromatic localization of the studied protein (immunofluorescence ϩ and Raji cells localize in perichromatic regions of the host cell nucleus (Fig. 1 ). Immuno-FISH images taken from the studied cells displayed EBV signals that were attached to but not part of the condensed chromatin, protruding into the interchromatic domain ( Fig. 1A and C). The captured images were deconvoluted using Huygens software and were 3D reconstructed to enable a comprehensive localization of the signals (Fig. 1B and D) . 3D reconstructions of 23 Raji and 42 HEK293 EBV ϩ cells were used to quantify the localization of EBV genomes (Table 1) .
Because EBV genomes are three-dimensional specimens, only 3D reconstructions allow the unbiased analysis of acquired images. However, measuring the signal intensity distribution in line scans facilitates the visualization in two dimensions. One representative confocal plane was selected as an example ( Fig. 1E and F EBV genomes colocalize with EBNA1 but not with other nuclear functions. It is known that EBV genomes colocalize with the viral transactivator EBNA1 in interphase nuclei (23) , but the distinct localization within a nucleus was unknown. To study the colocalization of EBNA1 and EBV genomes in more detail, we used a combination of immunofluorescence and FISH experiments. Isotonically treated HEK293-EBV ϩ genomes ( Fig. 2A) and EBV genomes of Raji cells (Fig. 2D ) displayed colocalizing signals for EBV DNA and EBNA1. The number of EBNA1 clusters (green signals) was higher than that of EBV hybridization signals (red spots). This reflected the higher copy number of EBNA1 proteins in relation to EBNA1 binding sites within oriP (48 sites per oriP) (51) . The abundant EBNA1 protein was bound to the host cell chromatin. The majority of EBV and EBNA1 signals colocalized, and a EBV genomes localize predominantly in the perichromatin. Cells showing no signal for EBV-DNA were included in the statistics to take the number of cells into account that have lost the EBV genome. Signals qualify for chromatic localization if signals for EBV-FISH and DAPI signals completely overlap, which was not observed (see also Fig. S2 in the supplemental material) . EBV signals score for perichromatin if the FISH signal localizes at the border of the chromatin-dense region and a partial overlap of both signals is observed. There was no association of both signals in the interchromatin.
no EBV signal was detected without EBNA1, confirming that the chromatin association mediated by EBNA1 is essential for viral genome stability. Both analyzed cell lines, HEK293-EBV ϩ and Raji, displayed a perichromatic localization of EBV/EBNA1 signals, which became obvious in hypertonically treated cells (Fig. 2B and E) and was visualized after 3D reconstruction analysis (Fig. 2C and F) . The colocalization became even more evident in the signal intensity scans of HEK293-EBV ϩ cells (Fig. 2G ) and Raji cells (Fig. 2H) . The ratio of the EBV/EBNA1 correlation is summarized in Table 2 . 
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The perichromatin is considered to be the region where DNA synthesis, transcription, and DNA modification take place (9) . We next analyzed whether EBV genomes were predominantly located in specific regions of nuclear activity. Toward this end, we again combined FISH and immunofluorescence. The colocalization experiments were carried out in HEK293-EBV ϩ cells due to their lower background in immunofluorescence experiments. SC35 is a splicing factor and localizes in characteristic speckles in the interchromatin compartment. An anti-SC35 antibody was used to visualize these domains (Fig. 3A) , and an RNA-PolIIspecific antibody was used to stain transcriptionally active perichromatic regions (Fig. 3B) . Heterochromatic regions were stained with an HP1␣ antibody (Fig. 3C) . A laminB1 antibody was employed to visualize the nuclear meshwork, which is important for the organization of nuclear microdomains (Fig. 3D ). An Snf2h-specific antibody was utilized to detect chromatin domains undergoing chromatin remodeling and BrdU incorporation for sites of DNA synthesis (data not shown). Only a small percentage of the different immunofluorescence signals colocalized with EBV DNA (Fig. 3 and data not shown) , which might be explained by the dynamic nature of the different processes. These results suggested that the stable maintenance of EBV genomes is dependent only on the EBNA1-mediated tethering to perichromatic regions of the host.
EBV genomes colocalize with specific epigenetic markers. Previous studies analyzed the histone modifications at oriP and parts of different EBV genomes (10, 59 ). These results suggested that the latent origin is specifically enriched with histone modifications that correlate with active transcription such as histone H3 and H4 acetylation as well as H3K4 trimethylation (H3K4me3). In a combination of FISH and immunofluorescence (IF) with antibodies specific for different methylation marks ( Fig. 4 ; see Fig. S3 in the supplemental material), we found that in Raji cells EBV genomes always localized in perichromatic regions that were enriched with H3K4me3 and lysine 9-acetylated H3 (P Ͻ 10 Ϫ6 ; Fig. 4A and Table 2 ). We used the Wilcoxon rank sum test, which assesses two independent samples. The EBV DNA showed no specific preference for a colocalization with H3K27me3 (P Ͻ 10 Ϫ5 ). Furthermore, no association with H3K9me3 was observed (P to avoid a colocalization, Ͻ10 Ϫ6 ). These results were in agreement with results of ChIP experiments, which indicated an enrichment of H3K4me3 and H3 acetylation at and near oriP in Raji cells (10) . A comparable nuclear localization was observed for an LCL transformed with the recombinant full-size EBV genome 2089 (LCL-EBV ϩ ; Fig. 4B , Table 3 ). These findings clearly demonstrated that the higher order nuclear architecture influences the local epigenetic pattern. The subnuclear localization of the viral genome correlated with the local epigenetic pattern at oriP, indicating that the association of EBV DNA in H3K4me3-and H3K9ac-enriched nuclear regions might cause the epigenetic pattern at oriP. ChIP experiments confirmed that oriP is enriched with histone H3 trimethylated at lysines 4 and 27 (Fig. 4C) . In line with a recent report, H3K9me3 was not associated with oriP (10) . As a reference site, we used the Q promoter, which shows no specific enrichment of the analyzed patterns, which is consistent with a report from Day et al. (10) .
Only FR is essential for episomal maintenance and B-cell transformation. It is generally accepted that the extrachromosomal maintenance of plasmids and EBV genomes is dependent on oriP. The family of repeats (FR) functions as a segregation element of oriP, whereas the dyad symmetry element (DS) acts as a replicator that can be deleted in the context of larger constructs (52, 56) . However, it is currently unclear whether both FR and DS have an impact on the nuclear lo- calization of EBV genomes and if they are required for the transformation process of human primary B lymphocytes. To address these questions, we generated a series of oriP mutants in E. coli in the context of mini-EBV genomes that were subsequently used to generate viral particles in a helper cell line. Mini-EBV plasmids with wild-type oriP contain all information required for the proliferation of in vitro transformed human B cells (25) , while virus genes that mediate the productive phase of EBV are missing. The mini-EBV system was chosen instead of full-size EBV genomes to study the specific contributions of oriP only. Full-size EBV genomes contain multiple replication initiation sites that have been mapped outside oriP (32, 40) . These sites are missing in the mini-EBV genome. The mini-EBV mutant p2908 contains a loxP-flanked wild-type oriP as in the original mini-EBV p1478.A ( Fig. 5A and B) (45) . In p2910⌬DS the viral replicator was deleted. We altered the spatial integrity by transferring DS to a BstEII site located downstream of the EBNA3 gene (position 89,146 of B95.8) to generate p2913eDS (p2913 ectopic DS). In parallel, we deleted the FR in p2909⌬FR at the oriP locus and placed FR also into the BstEII site to generate p2912eFR (p2912 ectopic FR). The oriP deletion mutant p2906⌬oriP was used as a negative control. At first we tested whether the different oriP mutants could transform human primary B lymphocytes. The generation of mini-EBV virus progeny is dependent on the lytic origin, oriLyt, and the packaging signals (terminal repeats) in cis. Both elements are part of the mini-EBV genomes (11, 61) . The helper cell line HEK293-TR Ϫ provides all viral factors required in trans, thereby supporting the lytic amplification and packaging of mini-EBV mutants (13) . To induce the lytic phase, an expression plasmid for the lytic inducer BZLF1 was cotransfected with the different mini-EBV mutants. Subsequently, the supernatants were used for the infection of human primary B lymphocytes isolated from the adenoids of 3-to 4-year-old children. Infected cells were cultivated without fibroblast feeder cells. No transformed cell lines were obtained for the p2906⌬oriP and p2909⌬FR mutants lacking oriP and formaldehyde. Sonicated chromatin (200 g) was immunoprecipitated with 2.5 g of the indicated antibody. Coprecipitated DNA was analyzed with oriP-, oriLyt-, and Q-promoter specific primer pairs as described previously (45) and quantified in relation to the amount of the input chromatin (y axis).
VOL. 84, 2010 ROLE OF oriP ELEMENTS IN SUBNUCLEAR LOCALIZATION OF EBV GENOMES 2539
FR, respectively. Transformed cell lines grew out from infections with p2908wt-oriP, p2910⌬DS, p2912eFR, and p2913eDS virions. For these mutants the transformation efficiency was similar, although the ⌬DS-lymphoblastoid cell line (LCL 2910⌬DS) grew slightly slower than the other LCLs. Southern blot hybridization and PCR analysis confirmed the correctness of the different oriP variants of the transformed cell lines (see Fig. S4 in the supplemental material). A Gardella gel analysis verified the extrachromosomal status of the mini-EBV genomes (Fig.  5C ). All further experiments were performed with the cell lines LCL2908.3, LCL2910.II, LCL2912.XI, and LCL2913.4. The integrity of oriP is important for achieving higher copy numbers. The infection experiments with virus particles generated with different oriP mutants indicated that the integrity of oriP in the context of the mini-EBV is not essential for the episomal stability of the viral genome and the transformation process. FR-dependent stable episomal maintenance correlated with the transformation of B cells, whereas DS was not essential for this process. The integrity of oriP, however, might be important for the establishment of higher copy numbers of the EBV genome. To determine the distribution of the different cell lines, we used FISH, quantitative PCR, and Southern blotting. The episomal stability of the different mini-EBV genomes was confirmed and quantified after the cell lines were cultivated for 3 months (data not shown) and 6 months (Fig.  6A) . The wild-type LCL2908wt-oriP contains approximately 5 to 10 copies, which is comparable to the result for LCL A39 (45) . On average, LCLs with oriP mutants have two episomes per cell as estimated by quantitative PCR and Southern blot hybridization (Fig. 6A) . The separation of FR and DS as well as the deletion of DS resulted in a reduced number of extrachromosomal plasmids. The copy number of the LCL2910 was slightly lower than the copy number in LCLp2912eFR and LCL2913eDS. Once established, the copy number was stable over months.
Nanbo et al. have recently reported that in EBV-positive LCL721 cells heterogeneous populations of copy numbers exist within one culture (38) . To determine whether this is a general phenomenon and if this is dependent on DS, we used FISH to analyze the establishment of different populations in LCL2908wt-oriP and LCL2910⌬DS. In our FISH experiments we also observed 5.5 and 12.4 signals per cell for LCL2908wt-oriP and 1.8 and 5.5 signals per cell for LCL2910⌬DS (Fig. 6B and Table 3 ). These findings confirmed with an independent approach that the presence of DS is important for the establishment of higher copy numbers. In line with results reported by Nanbo et al., we also observed two heterogeneous populations, one having approximately twice as many mini-EBV genomes as the other (38) . In conclusion, separating the core elements of oriP by moving either FR or DS to a different location did not affect their functionality with respect to genome stability and transformation of primary B cells, but it does reduce the copy number of the mini-EBV genomes.
The integrity of oriP does not alter the nuclear localization of mini-EBV genomes. To determine the impact of oriP integrity on the nuclear localization of mini-EBV genomes, immuno-FISH experiments were performed with 2908wt-oriP-( Fig. 7A; B) , 2910⌬DS-, and 2913eDS-transformed B cells as well as HEK293 cells transfected with 2912eFR (see Fig. S5 in the supplemental material). A quantitative evaluation of the acquired images classified the signals according to their chromatic or perichromatic localizations ( Table 1 ). The majority of cells infected with different EBV genomes showed hybridization signals characteristic for perichromatic localizations. Unfortunately, the fluorescent background of the LCL2912eFR was on average too high to allow the quantification of sufficient a The analyzed cell line and respective histone modifications are indicated in the stub. For abbreviations, see the legends to Fig. 4 and 7. The percentages of overlapping and directly adjacent voxels are indicated, as well as the percentage of nonassociated signals for EBV and the modification. The statistical relevance of the association was calculated using the Wilcoxon rank sum test. For details, see text.
cells. Therefore, we analyzed HEK293 cells transfected with 2912eFR. For this reason, some cells displayed a cytosolic signal of the EBV genome (Table 1) . However, all nuclear 2912eFR episomes were located in the perichromatin. Subsequent analyses of the mini-EBV cell lines carrying the different oriP mutants also revealed a perichromatic localization of colocalizing EBV and EBNA1 (see Fig. S5 in the supplemental  material) . Again, not all EBNA1 proteins colocalized with Depicted are oriP (blue box) and its two functional elements DS and FR (yellow boxes). Starting from p2908, three deletion mutants were generated: p2910⌬DS is lacking DS, p2909⌬FR is lacking the family of repeats, and p2906⌬oriP is lacking the entire oriP, including the auxiliary element Rep * . p2913eDS and p2912eFR carrying the respective oriP element integrated at an ectopic site, positioned 35 kbp apart from the oriP locus. (C) The Gardella gel technique was used to determine the episomal status of LCL subclones containing the different mini-EBV mutants (17) . 2800 is identical to the basic mini-EBV p1478. A but lacking the neomycin resistance marker (25, 26) . 2908 carries a wild-type oriP that is flanked by loxP sites used for the generation of 2912eFR and 2913eDS. 2 ϫ 10 6 to 5 ϫ 10 6 cells of each individual cell clone were lysed in the wells of a Gardella gel and probed with a radiolabeled plasmid recognizing the prokaryotic backbone of the mini-EBV genomes and oriP (17) . Two clones of each established LCL were analyzed (clone ID).
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EBV genomes in perichromatic regions, which was due to the molar excess of EBNA1 protein. The data summarized in Table 2 indicated that approximately 80% of the detected EBV and EBNA1 colocalized with full-size EBV genomes and approximately 70% colocalized in the different mini-EBV-infected LCLs. The transiently transfected HEK293-p2912eFR showed a lower number of colocalizing spots.
Neither the altered spatial integrity of oriP in p2912eFR and 2913eDS (translocated oriP elements) nor the deletion of DS in p2910⌬DS had an impact on the nuclear distribution of EBV genomes to perichromatic regions. This suggests that EBV genomes localize in this highly accessible domain, guaranteeing access to the transcription and replication proteins of the host's nucleus. The mini-EBV genomes are not dependent on a special cis-functional element other than the provided EBNA1-binding ability of the FR region. As such, the perichromatic localization is a functional interplay of FR and EBNA1.
Next, we compared the nuclear localization of LCL2908wt-oriP and LCL2910⌬DS (Fig. 7C and D and Table 3 ) epigenetic markers representative for transcriptionally active chromatin (H3K4me3) and heterochromatin (H3K9me3 and H3K27me3). Because both H3K9 acetylation and H3K4me3 mark transcriptionally active chromatin and the H3K4me3 antibody was more specific and reliable in immunofluorescence experiments, we concentrated on H3K4me3. Immuno-FISH experiments confirmed that the mini-EBV genome of the cell line LCL2908wt-oriP localized preferentially to the same epigenetic regions as cell lines carrying full-size EBV genomes with a slight shift toward H3K27me3 sites. Signal intensity scans are shown in Fig. S6 in the supplemental material. Interestingly, the mini-EBV genomes lacking DS colocalized in nearly all cases at H3K27me3 and H3K4me3 foci. Again, no specific association with H3K9me3 foci was observed. Taken together, the combination of immunofluorescence and FISH experiments clearly demonstrated that FR but not DS is crucial for the localization of EBV in perichromatic regions. All EBV genomes preferentially localized in transcriptionally active H3K4me3 regions but not in heterochromatic H3K9me3 regions. Furthermore, our experiments indicate that DS-dependent replication has an impact on the localization of the viral genome in H3K27me3 foci.
DISCUSSION
Efficient once-per-cell-cycle replication and faithful segregation of genomes to daughter cells are the major hallmarks of the EBV system (30) and are required for the stable episomal maintenance of EBV genomes. This is achieved by oriP's bipartite structure and function. The family of repeats (FR) consists of 20 imperfect 30-bp repeats of the binding motif for the viral transactivator EBNA1. Separated from FR by 1 kb lies the dyad symmetry element (DS) that consists of 2 ϫ 2 binding sites for EBNA1. Binding of EBNA1 to FR is needed for transcriptional activation, chromatin tethering, and faithful segregation of the genomes to daughter cells. Binding to DS induces a once-per-cell-cycle replication starting at the DS element. The mechanisms behind each of these processes have been studied separately in the past (29, 34) , but the interdependency of oriP's FR region and DS element has not been analyzed in detail.
The role of FR and DS in establishment and maintenance of episomal EBV genomes. In the study presented here we show that the integrity, the wild-type configuration, and the spacing of the two functional elements of oriP are not essential for its function. As expected, deletion of FR leads to the loss of the growth-transforming capacity of primary B cells, highlighting 6 EBV genomes, respectively (51) . We used an oriP-bearing plasmid as a hybridization probe that recognizes the prokaryotic backbone of the mini-EBV genomes as well as oriP fragments. The copy numbers of the different mutants were determined using the AIDA Image Analyser software (Raytest) (third row). The resulting absolute copy number is given in row two. In parallel, the copy number was revealed by quantitative PCR generating a standard curve from a series of 10-fold dilutions from purified mini-EBV genomes (row four). Table 3. its importance in oriP function. In contrast, deletion of DS does not significantly interfere with the growth transformation of human primary B cells but results in a decreased copy number of viral genomes in the cells. In the context of mini-EBV genomes, FR and DS can be separated by 40 kbp and still maintain their individual functions with respect to tethering, segregation, and replication. We suggest that the spatial integrity of oriP and the replicator DS are required to establish higher copy numbers, although the spatial integrity of oriP is not essentially needed for oriP function per se. These findings extend the model that the efficiency of plasmid establishment in part reflects the efficiency of the initiation of DNA synthesis (31) .
The FISH measurements showed a broad distribution of copy numbers, with two main values for each cell line, one being approximately twice as high as the other ( Fig. 6B ; Table  4 ). This phenomenon, which is consistent with results reported by Nanbo et al. (38) , was also observed for the oriP mutants 2912eFR and 2913eDS (data not shown), indicating that the maintenance of copy numbers is independent from spatial configuration of the viral origin or the presence of DS, although an unaltered oriP establishes higher copy numbers. The spatial (26) . (ii) The integration of viral genomes is a rare and very inefficient process. EBNA1-deficient EBV genomes growth transform human primary B cells an at least 10,000 times lower rate than EBNA1 ϩ -EBV genomes (22) . (iii) We did not obtain any growth-transformed LCLs of FR-deficient and oriP-deficient mini-EBV mutants in infection experiments. These findings confirm that the EBNA1-FR interaction is essential for efficient transformation and extrachromosomal maintenance of EBV-based genomes. Although we cannot rule out a very infrequent integration of EBV genomes, the frequency would be too low to be detected by the utilized imaging analyses.
EBV genomes colocalize with EBNA1 in perichromatic regions. We aimed to understand how EBV genomes are extrachromosomally maintained. Toward this end, we needed to define in detail how EBV genomes interact with the different nuclear compartments. In the last few years, highly detailed and divergent models of nuclear domains, chromosome territories, and functional subcompartments have emerged (1, 3, 4, 8, 9) . We hypothesized that EBV genomes prefer specific nuclear domains or compartments. To verify this model, we analyzed the localization of the EBV genomes in interphase nuclei and their colocalization with specific landmarks of the nuclear landscape. Furthermore, it was of interest whether or not a preferred localization might be dependent on EBNA1 interacting with FR and/or DS.
A combination of FISH and immunofluorescence demonstrated that EBV genomes and EBNA1 colocalize in all cells in the perichromatic region of the host cell nucleus ( Fig. 2; see Fig. S5 in the supplemental material). Again, this distribution was not dependent on the spatial organization of oriP and the presence of DS. The perichromatic region is the major site for the different nuclear machineries and highly active regarding transcription, replication, and chromatin remodeling activity (8, 9) . The localization of EBV in these highly active regions guarantees easy access to the host cells machineries, although we did not observe a significant colocalization with these active centers or processes (Fig. 3) . The binding of EBV to mitotic chromosomes is conferred by EBNA1 (23, 24, 46, 47) . We now provide detailed data on the EBNA1-dependent tethering of EBV to interphase host cell chromosomes in perichromatic regions. Furthermore, we observed that more EBNA1 foci than EBV clusters exist in each cell, generating binding platforms that might be used by newly synthesized EBV plasmids during cell cycle progression (Table 2) . Interestingly, EBNA1 does not form distinct foci when expressed in the absence of EBV (data not shown), indicating that EBV DNA might induce a clustering of EBNA1. How this is accomplished is yet unknown. The analysis of the different oriP mutants in the context of the mini-EBV genome confirms that the perichromatic localization is entirely dependent on FR, the oriP element that mediates chromatin association.
The epigenetic profiling of oriP in different EBV genomes indicated elevated histone H3K4me3 and H3K9ac levels at the region surrounding oriP in ChIP experiments (10, 59) . These marks increase the plasticity of chromatin and correlate with a permissive transcriptional status. All wild-type oriP-containing cell lines, Raji, mini-EBV genome LCL2908, and HEK203 EBV ϩ , localize in nuclear regions characterized by these epigenetic markers. The LCL2910⌬DS also prefers these epigenetic regions, indicating that FR-dependent tethering and not DS-mediated replication directs EBV genomes to these domains. The observation that the epigenetic pattern of histones present at oriP corresponds with its preferred nuclear localization argues for an active interplay between oriP and the associated chromatin domain (Fig. 4) . We detected no preference for heterochromatic H3K9me3 regions, an epigenetic mark also absent at histones associated with oriP. The iFISH analysis indicated a weak preference for H3K27me3 regions, an epigenetic mark that is also slightly enriched at oriP (Fig. 4 and 7) . This association seems to be linked to DS, because the deletion of DS resulted in a slightly increased H3K27me3 association (Fig. 7) . The molecular mechanism of the implementation of this histone modification via DS and its functional relevance remains open. However, it is conceivable that protein-protein interactions implemented via DS might exclude H3K27 foci. For example, Zhou et al. demonstrated that the loss of the telomere repeat factor (TRF2) binding to DS results in earlier replication timing of EBV genomes (60) . This suggests that TRF2 delays replication timing at DS, which has an EBNA1-induced permissive chromatin configuration that normally replicates in early S phase. Alternatively, the preference of heterochromatic H3K27me3 localization might be caused by an altered, DS-independent origin usage and replication timing pattern.
To summarize, we observe a synergistic effect generated by the correct spatial conformation of oriP's subcomponents that exceeds the sum of the individual functions. The findings that EBV genomes localize in perichromatic regions and in open epigenetic domains are similar to a different extrachromosomal replicon model, pEPI (50) . As such, oriP-based replicons might function as a model system regulated by higher order nuclear structures. The modular design of oriP allows the design of artificial but directed extrachromosomal systems to study the influence of nuclear localization on replication timing, plasmid segregation, and the expression of genes encoded by the vector.
